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Tumor-Suppressor Genes: Cardinal Factors in
Inherited Predisposition to Human Cancers
by H. John Evans1 and Jane Prosser1

A predisposition to the development of certain specific and familial cancers is associated with the
inheritance of a single mutated gene. In the best-characterized cases, this primary mutation is a loss of
function mutation consistent with viability but resulting in neoplastic change consequent to the acquisition of
a second somatic mutation at the same locus. Such genes are referred to as tumor-suppressor genes. Classical
examples are the Rb-i gene associated with the development of retinoblastoma and the p53 gene, which is
associated with a wider range of neoplasms, including breast cancer. Other tumor-suppressor genes have been
isolated which are associated with Wilms' tumor, neurofibromatosis, and inherited and sporadic forms of
colorectal cancer. Some of these genes appear to act as negative regulators of mitotic cycle genes, and others
may have different properties. The nature of these genes is discussed, as is the evidence for the involvement of
tumor-suppressor genes in other inherited, and sporadic, forms of cancer. Some recent data on the Wilms'
tumor gene, WT1, and on the involvement ofthep53 gene in breast cancer are presented, and the importance of
genomic imprinting in contributing to the excess of suppressor gene mutations in chromosomes of paternal
origin is considered.

Introduction
Cancers are genetic diseases that are a consequence of

alterations in the structure, expression, and hence func-
tion of usually more than one of a variety of genes.
Transformation to a neoplastic state can be viewed as an
untoward outcome of the competing forces of cellular
differentiation, hibernation (quiescent stem cells), or pro-
grammed death (apoptosis) on the one hand, and prolifera-
tion on the other; the genes and genetic systems involved
in controlling these processes are therefore obvious candi-
dates in the quest for genetic factors of importance. In a
normal proliferating tissue, the maintenance of home-
ostasis depends upon the retention of an appropriate
population of stem cells with the propensity for prolifera-
tion and the production of the required number of differ-
entiated cells for that tissue. Such a system depends upon
a balance between controlling signals specifying prolifera-
tion and those inhibiting the passage of cells through a cell
cycle. These signals, and the genes that specify them, may
be viewed as positive or negative, promoting or inhibiting a
programmed chain ofevents. In a somewhat oversimplified
way, we consider those genes which, in an altered or
overexpressed form, act in a positive and dominant way to
promote proliferation as oncogenes and those in which
mutational change, usually (but not always) expressed in a
homozygous or hemizygous state, results in a negation of

1MRC Human Genetics Unit, Western General Hospital, Edinburgh,
UK.
Address reprint requests to H. J. Evans, MRC Human Genetics Unit,

Western General Hospital, Edinburgh, UK.

their normal inhibitory action on proliferation as tumor-
suppressing genes.
The evidence for dominantly acting oncogenes stemmed

initially from studies on virally induced tumors in rodents
and chickens, and there are now at least 50 or so defined
oncogenes in the human genome. The normal functions of
these genes are to code for growth factors, growth factor
receptors, second messenger proteins, or transcription
factors as components that regulate normal cell growth
and proliferation. In their altered, or overexpressed forms,
they can, however, cooperate in inducing cell transforma-
tion in vitro or tumorigenesis in vivo. The importance of
oncogenes in the initiation and development of human
cancers is well established and has been reviewed exten-
sively (1,2); such genes are therefore referred to only
briefly here in the context of our discussion on tumor-
suppressor genes. The idea that other genes in the genome
act as tumor-suppressor genes stems from three kinds of
observation: on cell hybrids between tumorigenic and
nontumorigenic cells; on mutations, including constitu-
tional loss of heterozygosity (LOH) at specific chromoso-
mal sites, in a variety of inherited predispositions to
cancer in childhood; and on acquired LOH at specific
chromosomal sites in specific sporadic tumors. The early
studies of Harris and colleagues (3) were among the first
to clearly demonstrate that the property of tumorigenesis
is lost in hybridomas between certain tumorigenic and
nontumorigenic cells but is regained in descendant segre-
gant cells that have lost specific chromosomes. This
approach of introducing genomes, chromosomes, or genes
from normal cells into their tumorigenic counterparts has
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been used extensively over the past 20 years as a means of
identifying, or confirming the nature of, tumor-suppressor
genes (4).
The mutations in oncogenes that convert them into

transforming genes are often relatively specific and invari-
ably result in an altered, but functional, gene product.
Transformation may also follow as a consequence of inap-
propriate expression, either in time or in quantity, and the
nature and dominance of many of the known changes
would in most cases be inconsistent with normal develop-
ment and viability of an early embryo/fetus. In contrast,
those suppressor genes that are revealed by loss of func-
tion might be expected to yield a wider range of mutations
many of which would be viable in the heterozygous state.
Hence in a two-hit model of tumorigenesis which proposes
that both copies of a tumor-suppressor gene be func-
tionally inactivated for the development of a tumor, such
genes in their heterozygous state could result in the
inheritance of a predisposition to cancers. Most types of
human cancer exist in both sporadic and inherited forms.
Indeed, identification and characterization of the first
tumor-suppressor gene followed from studies on the inher-
ited childhood cancer ofretinoblastoma. It may be instruc-
tive, therefore, to review briefly some of the developments
in our understanding of the role of tumor-suppressor
genes in the better understood inherited cancer pre-
dispositions, in which some ofthe relevant genes have been
cloned and information is available on their function.

Retinoblastoma
Retinoblastoma, a tumor of the retina which affects

some 1 in 5000 children, occurs in two forms: 30-40% of
cases have bilateral and usually multifocal tumors that are
evident at an earlier age than the commoner unilateral
cancers. The earlier onset of multiple tumors is often
associated with a familial history, and in 1971 Knudson (5)
proposed that these tumors arise from two sequential
mutations. In the familial form the first mutation is inher-
ited and therefore constitutional and the second mutation
is acquired and somatic; in the sporadic form, both muta-
tions are somatic. A constitutional deletion ofband q14.1 on
chromosome 13 was reported in a number of familial cases
(6), and similar, but somatic and tumor-specific, deletions in
a number of sporadic tumors (7). The alteration was
therefore considered to be a loss, or loss-of-function muta-
tion at 13q14. Cavenee et al. (8), using a series of DNA
markers for 13q, showed that the chromosome 13 from the
nonaffected parent was lost in familial tumors and that the
LOH thus acted to uncover an inherited constitutional
mutation. Retinoblastoma appeared therefore to be a con-
sequence of mutations affecting both alleles of a single
gene (rbl) so that although the predisposition to this
condition is inherited as an apparent autosomal dominant,
at the cellular level the expression of neoplasia is a conse-
quence of recessive changes.
The studies of Friend et al. (9) and Lee et al. (10)

identified the gene responsible for retinoblastoma and
showed that it codes for a 928 amino acid protein, p105-Rb.
A number of studies have since reported a range of

different mutations, including large and small deletions,
and point mutations that alter amino acid sequence or
splicing products, which yield an absent or inactive protein
in tumor cells and cell lines (11-13). The Rb protein is a
nuclear protein present in all types of cells and is found in
phosphorylated and nonphosphorylated forms (14). The
state of phosphorylation alters during the cell cycle, being
maximal at the beginning of the DNA synthesis S phase
and minimal after mitosis and entry into Gi (15,16). The
stimulation of quiescent T lymphocytes to proceed
through a mitotic cycle results in phosphorylation of p105-
Rb (17) and the loss of proliferative capacity in senescent
human fibroblast cultures exposed to growth factors is
associated with the absence of phosphorylation. Overall
the data would suggest that phosphorylation of Rb is
necessary for cell cycling, and in particular for the transi-
tion from the G1 to S phase, and that in its hypophosphory-
lated form the normal protein is associated with the
suppression of mitosis. This suppression can be negated
not only by phosphorylation, but also by inactivation of the
Rb protein following its association with the tumorigenic
proteins of a variety of DNA tumor viruses, i.e., ade-
novirus ElA, SV40 and polyoma virus large T, and human
papillomavirus E7 (18-21). Some mutant Rb proteins can-
not undergo phosphorylation and do not complex with viral
tumorigenic proteins (12). In vivo the Rb protein com-
plexes with a number of cellular proteins which interact
with the same region that is important in binding DNA
viral tumor proteins and the region frequently found
mutated in tumors in which Rb is implicated (22). Recent
studies have identified a specific binding of Rb proteins
with the transcription factor E2F (23-25), a factor which
also binds to the promoters of several cellular proliferation
related genes, including the cell cycling protein cyclin A
(26). The expression of such genes could therefore be
regulated through Rb binding/sequestration of essential
transcription factors.
The evidence that the Rbl gene acts as a tumor-

suppressor gene was strongly supported by the demon-
stration that the introduction of normal Rb into reti-
noblastoma or osteosarcoma cell lines devoid of normal
p105-Rb suppresses the growth and tumorigenicity of the
cells (27). Rb mutations are indeed found sporadically in a
variety of human tumors, and suppression of tumori-
genicity has also been reported following the introduction
of a normal Rb gene into a human prostate cancer cell line
(28) and into a bladder carcinoma cell line (29). Although,
to date, there has been no report of a transgenic mouse
containing a mutated Rb gene, Windle et al. (30) reported
the occurrence of retinal tumors in transgenic animals in
which the SV40 T antigen was specifically expressed in the
retina. The evidence indicates that the T antigen protein in
the retinoblastoma cells bound to p105-Rb, supporting the
role of the inactivated Rb protein in retinal oncogenesis.
Although retinoblastoma is the paradigmatic example of

the consequences of a null mutation at a tumor-suppressor
locus, it remains unclear whether additional mutational
steps are necessary for the full emergence of tumors. It
has been remarked that nonmalignant retinomas can
occur in Rb carriers (31), but there is no information on
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their frequency or on their genetic constitution. There is
considerable evidence that malignant retinoblastomas
may contain a range of consistent chromosomal abnor-
malities, including abnormalities of lq and 17p, in addition
to the mutation at 13q14 (32,33).

Wilms' Tumor
Wilms' tumor, a nephroblastoma with an incidence of

around 1 in 10,000, is one of the most common solid tumors
of childhood. Most cases are sporadic and unilateral, but a
small proportion (-8%) are bilateral, and a further 1% are
clearly familial. From a study of the age at onset of
unilateral and bilateral cases, Knudson and Strong (34)
suggested that the etiology of Wilms' tumor parallelled
that of retinoblastoma and that the occurrence of Wilms'
tumor involved two mutational events at a single gene
locus.

Cytogenetic studies of sporadic tumors and of blood
lymphocytes and tumors in inherited forms of the disease
initially implicated a gene at chromosomal band llpi3 in
the etiology of some, but not all, cases ofWilms' tumor (35).
This suggestion was supported by the results ofmolecular
genetic studies using relevant DNA markers (36-38), and
the data were consistent with the notion that a mutation of
one lipl3 allele and subsequent mutation or loss of the
homologous allele were necessary, but perhaps not suffici-
ent, for tumorigenesis. Recent results of chromosome
walking and jumping to detect CpG island sites in this
region have led to the independent isolation of cDNA
clones that encode a transcription factor with four zinc
fingers and a proline-rich domain; there is strong evidence
that it is a candidate WT gene (39,40). Work in our own unit
(41) on the expression of this gene in the early human fetus
shows that it is expressed in fetal kidney, gonads, and
spleen, as might have been expected ifthe gene was indeed
the WT1 Wilms' tumor gene. Conclusive evidence that this
is so was recently presented by Huff et al. (42), who
detected a constitutional heterozygosity for a small intra-
genic deletion in WT1 in a patient with bilateral Wilms'
tumor and then indicated that homozygosity for this dele-
tion was present in both tumors. Loss of constitutional
heterozygosity for linked DNA markers showed that the
homozygosity in the bilateral tumors had been engineered
by two different genetic events. Work in our unit (43) has
resulted in identification oftwo different structurally criti-
cal zinc-finger point mutations in two Wilms' tumor
patients; in the patient with bilateral tumors, the mutation
was constitutional and present in a hemizygous state in
one tumor. These data fully support the notion that the
WT1 gene is a tumor-suppressor gene.

Since this gene codes for a transcription factor, the
identification of target sequences to which it binds is
important. Rauscher et al. (44) have expressed the zinc-
finger domains of the WT1 gene in Escherichia coli and
used this protein as an affinity matrix for the isolation of
DNA target sequences. A sequence was identified that
turns out to be closely similar to a binding sequence
recognized by the product of the early growth response
gene-1, EGR-1, a zinc-finger protein that is induced by

mitogenic stimuli. A deletion in the third zinc finger of
the WT1 protein, a mutation that occurs naturally in
Wilms' tumor, was shown to reduce the binding activity
severely. The possibility exists that the normal WT1 pro-
tein may suppress the binding of proteins coded for by
the EGR-1 gene family, including genes like fos and jun
which respond to mitotic stimuli and regulate gene
transcription.
Although the two-hit tumor-suppressor model would

appear to be applicable for certain cases of Wilms' tumor
the picture is not as simple as that seen in retinoblastoma.
Studies of two large families with Wilms' tumor have
shown that the predisposition is not linked to llp, implying
the importance of a mutation elsewhere in the genome
(45,46). Moreover, there is evidence for a second WT locus
at iipl5 (4 7,48). Wilms' tumor is observed in patients with
the Beckwith-Weidemann syndrome and the gene for this
syndrome is tightly linked to the insulin and insulinlike
growth factor-2 genes at lipi5 (49), and there is evidence
for imprinting at the Igf2 locus (see below). At the present
time, data on alterations to WT1 genes are insufficient to
determine if they provide, in addition to classic tumor-
suppressor activity, a dominant/negative heterozygous
gene effect (cf p53) or, indeed, whether additional muta-
tions elsewhere in the genome are necessary.

Von Recklinghausen's
Neurofibromatosis
Von Recklinghausen's neurofibromatosis is a common

autosomal dominant disorder involving tissues derived
from the neural crest, and in particular the peripheral
nervous system, where it is associated with the develop-
ment of caf6-au-lait spots and benign neurofibromas in
over 90% of cases. The condition has a prevalence of
around 0.24.3 per 1000 individuals, and among its more
serious complications are the occasional development of
neurofibrosarcomas and optic gliomas. All cases result
from the inheritance of a mutant allele; since the mutation
rate ofthis rather large gene (NF-1) is high, approximately
1 x 10 -4(50,51), then 40-50% of all cases must involve new
mutations.
The NF-1 gene was mapped, by linkage analysis, to 17q

(52,53) and a candidate gene isolated from Von Reck-
linghausen's neurofibromatosis patients with constitu-
tional translocations affecting 17qii.2. This gene had
undergone a variety of different mutations in various
patients, implying that its loss of function was a causative
factor in the syndrome (54-56). The gene is large, encoding
a 13-kb transcript and a protein of at least 2485 amino
acids; it is expressed in most, if not all, tissues and is
transcribed in human/rodent hybrids containing a normal
chromosome 17 but not in hybrids containing balanced
translocations from Von Recklinghausen's neurofibro-
matosis patients (56). The findings are therefore consis-
tent with the idea that the gene acts as a tumor-suppressor
gene, but it is not known whether second-hit mutations in
the normal copy of NF-1 are necessary for the develop-
ment of the neurofibrosarcomas, or whether mutations at
other sites may be required.
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The mode of action of the NF-1 gene in its tumor-
suppressing role is unclear, but there is abundant evidence
that it plays a role in signal transduction pathways. A
series of studies (57-60) have shown that the gene encodes
a cytoplasmic protein with a large region of similar amino
acid sequence and functional homology to mammalian
GAP and to the IRAl and IRA2 gene products of Sac-
charomyces cerevisiae, which are known to inhibit yeast
ras. The NF-1 protein has been shown to interact with
mammalian p2lras, and indeed a segment of human NF-1
cDNA can inhibit the action of both wild-type and mutant
H-ras genes in yeast.

Familial and Sporadic Colorectal
Cancers
The classic syndrome offamilial colorectal cancer is that

associated with dominant autosomally inherited familial
adenomatous polyposis (FAP), although there are other
nonpolyposis familial forms. FAP has a prevalence of
around 1 in 10,000, whereas various lines of evidence would
suggest that other major genes may be responsible for a
significant proportion of colorectal cancers (61,62), and
familial studies show a 3-fold increased risk in first-degree
relatives of colorectal cancer probands.
FAP is characterized by the development of hundreds,

or carpets of thousands, of colorectal adenomas, some of
which develop into frank carcinomas, and is transmitted
by a gene (APC) mapping to the q21 region of chromosome
5 (63-66). Adenomas in FAP patients show no loss of the
APC region in their mildly or moderately dysplastic form,
but those that develop into carcinomas appear to be associ-
ated with a deletion of the APC region in the normal
chromosome transmitted from the unaffected parent (67).
These findings suggest that the APC gene acts as a cell
recessive tumor-suppressor gene, a conclusion reinforced
by the demonstrations that transfected chromosomal
fragments that include the 5q21 region reverse the neo-
plastic phenotype of cultured rodent fibroblasts (68) and
that the introduction of a normal chromosome 5 into
human colorectal epithelial cells completely abrogates
their neoplasticity (69).
The development of colorectal carcinomas involves a

number of genetic changes, and, although APC loss/in-
activation may be a necessary event, it may not be entirely
sufficient for the development of overt neoplasticity.
Insight into other important mutational events has
stemmed from a variety of studies on sporadic colorectal
tumors. Of special interest are the observations of a
number of authors who report heterozygous loss of the
APC region in up to more than 50% of sporadic tumors
studied (70-72). Vogelstein and colleagues in particular
have demonstrated a high frequency of heterozygous loss
and ofmutation within one known tumor-suppressor gene,
p53 on 17pl3.1 (73), and one probable tumor-suppressor
gene, DCC on 18q (71). A candidateAPC gene has recently
been isolated which is expressed in normal human and
rodent colorectal mucosa and a variety of other tissues
(74). The gene, located in theAPC region, was observed to
be mutated in three colorectal carcinomas and is referred

to as the MCC gene (mutated in colon cancer). MCC
encodes an 829-amino-acid protein with a short region of
similarity to a G protein (cf NF-1); in the absence of
confirmation of a constitutional mutation in theMCC gene
in FAP patients, however, the question of whether the
MCC gene is indeed the APC gene is still open.
The DCC gene on chromosome 18q, a region that shows

heterozygous loss in more than 80% of colorectal car-
cinomas, was identified by Fearon et al. (75) and shown to
be expressed in most normal tissues but with a very
greatly reduced or absent expression in colorectal car-
cinomas. Mutations were detected in the gene in 12 of 94
carcinomas, and the predicted amino acid sequence shown
to be closely similar to neural cell adhesion molecules and
other related cell surface glycoproteins.
The p53 gene on chromosome 17p is perhaps the most

studied ofthe known tumor-suppressor genes and is impli-
cated not only in colorectal tumors but in a wide range of
other cancers (Table 1). The p53 protein is a 393-amino-
acid nuclear phosphoprotein which is expressed at very
low levels and with a short half-life in the majority of
normal mammalian cells (90). It was originally discovered
by coprecipitation with the transforming protein, large T,
in SV40-infected cells (91) and later shown to form specific
complexes with the transforming proteins of other onco-
genic DNA viruses: E1B of adenovirus (92) and E6 of
HPV-16 and -18 (18,93). The abundance and state of phos-
phorylation of p53 is cell cycle-dependent, being minimal
immediately following mitosis and increasing markedly in
cells in the S and G2 phases (94). The protein acts as a
substrate for cdc2, a predominantly nuclear protein kinase
that regulates the commitment of cells to undergo DNA
synthesis and which, in a dephosphorylated form, triggers
cells to enter mitosis (95,96). These findings parallel re-
markably closely those observed with the Rb protein, sug-
gesting a functional connection between p53 and Rb-105,
with the implication that both are involved in a common,
negatively regulating pathway in the proliferative cycle.
The functional similarity between p53 and Rb is further
reinforced by the finding in herpes virus-infected cells that
these proteins, together with other host replication pro-
teins, colocate at nuclear sites of viral replication (97).

Initially, p53 was considered to be an oncoprotein, but
cDNA clones of p53 that had transforming properties
were later shown to be mutant (98-100). Wild-type p53, but
not mutant forms, suppress the transforming properties
of other oncogenes as well as the growth of transformed
cells in culture (101). The tumor-suppressing role of p53
has been supported by two recent studies: first, by Chen et
al. (102), who showed that the introduction ofwild-type p53
genes into human osteosarcoma cells lacking endogenous
p53 completely abrogated the neoplasticity of the cells,
whereas the introduction of mutant p53 conferred a lim-
ited growth advantage; second by Baker et al. (103), who
showed that transfection of the wild-type p53 gene in
vitro resulted in a suppression of growth of colorectal
carcinoma but not adenoma cells. We should not lose sight
of the fact that none of the different mutant p53s assayed,
by transformation in vitro possesses the suppressing
activity of the normal gene (104-106).
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Timor site
Bladder
Brain
Breast

Colorectum

Liver cells

Table 1. Loss of heterozygosity (LOH) at 17p andp53 mutations in various human tumors.
No. of tumors No. with LOH No. with p53
or cell linesa 17p (%) mutation (%)
18 17 (94) 11 (61)
4 4 (100) 2 (50)
60 33 (55) 15 (25)b

all
32c
52
,Oa
26+4a
20 + 8a
16
10

Lung 30a
40

Esophagus 14+4a
Ovary 16

aCell lines.
bMinimum number; estimated frequency, > 40%.
cSelected for LOH 17p.

32a
27

0
28

3 (60)

11 (100)
11 (29)
2 (13)
6 (60)
5 (17)

24 (86)
8 (50)
5 (50)
17 (57)
28 (70)
7 (39)

11 (69)11 (91)

A study ofp53 in 58 colorectal tumors (83) showed that
most tumors ("90%) with a loss of one 17p had a p53
mutation on the remaining allele, but such mutations were
less frequent (30%) in tumors containing both copies of17p
and were relatively rare in adenomas. This pattern indi-
cates that the mutations and allelic losses become evident
at around the time of transition from benign to malignant
growth. The data also imply that the presence of a single
mutant p53 allele may exert a dominant-negative effect
perhaps by binding to the wild-type protein and creating
an inactive oligomeric complex; this implication is sup-
ported by a number of studies (e.g., 104,107). It is worth
noting that if the tumorigenic effects ofp53 are dependent
on knocking out gene activity, few gross deletions and
rearrangements have been observed. Much more frequent
are point mutations in conserved regions, resulting in
alterations in amino acid sequence, which appear to pro-
mote proliferation and confer some selective advantage to
the tumor cells (100).

Familial and Sporadic Breast and
Ovarian Cancers

Familial forms of breast cancer have been recognized
for well over a century, and a woman's risk of developing
the disease over a given period is known to be increased by
up to 3-fold if a first-degree relative has had breast cancer
and by 5- to 10-fold if that relative had bilateral disease.
Various studies point to the importance of inherited fac-
tors, and in some cases the evidence would imply the
presence of an autosomal dominantly inherited suscep-
tibility allele (108). A number of groups have used poly-
morphic DNA markers in linkage studies to localize a pre-
disposing gene, and our own studies produced suggestive
evidence of linkage in families with early, premenopausal
and usually bilateral, cancer to a region on chromosome
17p. None of these studies, however, including our own,
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yielded conclusive evidence probably because of the hetero-
geneity of the disease. Convincing evidence was recently
published by Hall et al. (109), who obtained a log of the odds
score of + 5.98 for linkage of breast cancer susceptibility to
the marker D17S74 in early-onset families and negative
scores in late-onset families. We confirmed these findings in
some, but not all (108), of cancer families we studied so that
a predisposing gene is located in chromosome 17q21 in
some families. Although there are various possible candi-
date genes within that chromosomal region, the particular
susceptibility gene has not been identified.

Studies of somatic chromosomal changes in breast can-
cer tissues, and particularly those revealing consistent
LOH, have identified a number of sites of possible tumor-
suppressor genes. Our early studies (110) showed that
more than 60% of sporadic breast cancers from a consecu-
tive series ofpatients had LOH for a region ofchromosome
17p; these results have been extended by ourselves (111)
and confirmed by others (112,113). We further showed that
in 50% of the tumors there was overexpression of p53
mRNA and that this was correlated with LOH of 17p.
Overexpression of p53 is associated with mutant forms of
the gene which result in a more stable gene product
(99,100). Detailed genomic DNA sequence analysis of
exons 5-9 (78, unpublished data)-which include most of
the conserved regions in which the majority of p53 muta-
tions are found in other cancers -revealed that p53 muta-
tions were present in at least 25% (up to an estimated 40%)
of the 60 breast tumors studied. The study of Varley et al.
(113) extended these findings: LOH at 17pl3 and/or
expression of mutant p53 was seen in 86% of 74 breast
cancers, underlining the fact that alterations involving p53,
either by loss of one allele and/or intragenic mutation, are
by far the most common genetic change in primary human
breast tumors.
Our suggestive linkage data on early familial breast

cancer and markers on 17p (log of the odds score of + 2.0),
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and the finding of a high frequency of mutations in the p53
gene at 17pl3.1 in sporadic breast cancers, led us to study
the gene in normal blood cell DNA from individuals in five
families with breast cancer. No constitutional mutation of
p53 was found (114). Recently, however, Malkin et al. (115)
and Srivastava et al. (116) described the presence of
constitutional p53 mutations in family members with Li-
Fraumeni syndrome. This syndrome is a rare autosomal,
dominantly inherited condition that is characterized by a
diverse range of neoplasms, including breast cancers and
soft-tissue sarcomas, which develop relatively early in life.
The reported studies on DNA from normal skin fibro-
blasts or lymphocytes from affected and unaffected mem-
bers of six different families describe the presence of a
constitutional point mutation (a base substitution) in the
p53 gene at codon 248 in three families, at 245 in two, and
at 258 in one. A linkage study on one family confirmed the
cosegregation of the mutated chromosome with the occur-
rence of neoplasms. The most frequent neoplasm observed
was breast cancer (60 of a total of 231 primary cancers),
which was about twice as frequent as soft-tissue sarcomas
or brain tumors. All individuals appeared to have a single
wild-type p53 allele, and were therefore constitutional
heterozygotes for the mutation, and at least one parent
and two grandparents carried a p53 constitutional muta-
tion but had not developed cancer. These findings are
rather dramatic, but it should be noted that we have
observed no mutation in one Li-Fraumeni family studied in
our laboratory and that as yet unpublished data from other
laboratories describe such families both with and without
p53 mutations. The finding that individuals who are het-
erozygous for a constitutional mutation in the evolutionary
conserved region III of the p53 gene (117) are viable and
prone to the development of a variety of early cancers is a
signal discovery, and the fact that some gene carriers do
not appear to manifest neoplastic disease begs the ques-
tion of how frequent this kind of mutation is in the general
population, and whether it is associated with inherited
cancer predisposition in non-Li-Fraumeni families.
Answers to these questions should be forthcoming

shortly, but meanwhile it is relevant to note that the
introduction of constructs of mutated p53 genes into nor-
mal mouse embryos results in the development of neo-
plasms in some 20% of the resultant transgenic animals
(118). Although the transgenes were widely expressed
most of the tumors seen were lung adenomas, osteosar-
comas, and lymphomas, and the average age of incidence
was 11 months. This long latent period and the absence of a
correlation between levels of tissue expression of p53 and
the occurrence of tumors, imply that deregulation of p53
alone is insufficient for tumor formation and that other
genetic, and perhaps tissue-specific epigenetic, changes
may be involved.

Familial breast cancer is often associated with familial
ovarian cancer, and a number of reports indicate a possible
autosomal dominant mode of inheritance of ovarian can-
cer. Following the report of Hall et al. (109) showing
linkage of early breast cancer cases in some families to a
region on 17q, Narod et al. (119) confirmed this finding and,
further, showed linkage between familial ovarian cancer

and the same chromosome region, i.e., 17q12-23. In parallel
with our studies on breast tumors, we have noted the
involvement of 17p in sporadic ovarian tumors; 13 of 16
advanced ovarian serous adenomas showed LOH for 17p,
and 11 of these tumors had a p53 mutation (89). In these
tumors LOH at 17p, detected by markers closely linked to
p53, correlates closely with the presence of a p53 mutation
in the remaining homolog.

Loss and mutation at the p53 locus are clearly important
features of both breast and ovarian cancers, but it should
be noted that there is some evidence in breast cancer for
the involvement of a second locus on 17p some 20 Mb
telomeric to p53 (81,120). Moreover, studies of sporadic
breast tumors have uncovered high frequencies ofLOH at
other chromosomal sites, e.g. lp, lq, llp, 18q (121-123); and
loss of the Rb gene has also been reported in cases of
ductal breast cancer (14,124). The genes that may be
involved at these other sites have not been identified, but
tumor-suppressor genes other than those on 17p and 17q
may be important in breast cancer.

Other Inherited Cancer
Predispositions and Suppressor
Genes in Other Sporadic Cancers

In addition to the genes involved in the inherited cancer
predispositions and in sporadic cancers already referred
to, loci involved in other inherited cancers have been
assigned to specific chromosomes (Table 2). Although
these cancer-associated syndromes appear to be inherited
as dominant autosomal conditions, the genes involved
might represent classical recessive tumor-suppressor
genes; but none has as yet been characterized. It is
unlikely to be merely coincidental that there is a chromo-
some 3 locus involved in the inherited von Hippel-Lindau
syndrome with its associated renal carcinomas, a similar
locus involved in a translocation of chromosome 3 that
segregates with renal cancer in one large family (133), and
a LOH for this chromosome region described by Kovacs et
al. (134) in 18 out of 21 sporadic renal cancers. A consistent
loss of 3p has also been noted in sporadic lung cancers
(135,136). A candidate tumor-suppressor gene (a receptor
protein-tyrosine phosphatase) at the 3p2l region has
indeed recently been isolated (137). In a number of renal
carcinoma cell lines and lung tumor samples, one allele of
this gene was lost, but there is no conclusive evidence of its
tumor-suppressing role in these cancers. Similarly, the
consistent involvement of chromosome 22 in sporadic men-
ingiomas (138) and the assignment of the gene for neu-
rofibromatosis type 2 associated with acoustic neuromas
to this chromosome should also be noted.
None of the conditions listed in Table 2 appears to be

associated with inherited defects in the repair of muta-
tional damage, but genes involved in one form of xero-
derma pigmentosum, Cockayne's syndrome (139), and
Bloom's syndrome (140)-three recessive autosomal condi-
tions involving defective DNA repair-have recently been
identified. The gene defects in these three, and in other
putative DNA repair deficiencies, are presumably associ-
ated with inherited cancer predisposition by virtue of
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Table 2. Examples of dominantly inherited cancer predispositions in which the mutated gene has not yet been identified.
LOH of
assigned

Chromosome chromosome
Syndrome lTmor assignment in tumors References
Multiple endocrine Pituitary adenomas/pancreas llq (centric) + Larson et al. (125)

neoplasia type 1
Multiple endocrine Medullary carcinoma of thyroid 10 - Mathew et al. (126)

neoplasia type 2 Landsvater et al. (127)
Nelkin et al. (128)

Neurofibromatosis Acoustic bilateral neuromas 22 + Seizinger et al. (129),
type 2 Rouleau et al. (130)

von Hippel Lindau Renal-cell carcinoma, CNS, 3p + Seizinger et al. (131)
hemangioma, pancreas

Dysplastic nevus Melanoma ? ? Bergman et al. (132)
familial melanoma
LOH, loss of heterozygosity.

inherited genomic instability and heightened mutation the observed preponderance of mutation in the paternally
sensitivity. These genes may not be tumor-suppressor derived chromosome, and the consequent loss of the ma-
genes in the classical sense. ternal allele, with much of the discussion centering upon the

importance of the phenomenon of "genomic imprinting."
Genomic Imprinting and Patterns of "Genomic imprinting" is the term used to refer to the
Inheritance and Expression of differential expression (transcriptional inactivation) of
Mutated Suppressor Genes whole haploid chromosome sets in some insects (150) or ofsegments of autosomes in mice (151,152), which is depen-

It is evident from studies on tumor-suppressor genes in dent upon the sex of the parent from which they are
various inherited cancer predispositions that a principal inherited. Studies in the mice suggest that such parental
mechanism in tumorigenesis is the unmasking of an initial imprinting, which suppresses the expression of segments
(inherited) mutation (and in some cases its later duplica- of the genome, is a consequence of methylation (153). The
tion via disomy) by a subsequent mutation that eliminates methylation pattern is erased in primordial germ cells and
the wild-type allele. This elimination may involve whole or then reintroduced, in a modified form, in later germ-cell
partial chromosomal loss (8,72). Such unmasking can be stages or in early embryogenesis, the introduced pattern
recognized by loss of heterozygote status in appropriate being established by the parental sex of the germ cells
cases, and the parental origin of the original mutated (154). The first clear evidence that the phenomenon of
chromosome can be determined. A similar analysis may be genomic imprinting occurs in humans followed from the
undertaken in nonfamilial cases in which a new germ-line discovery that children with Prader-Willi syndrome have a
mutation has occurred and in comparable sporadic tumors. constitutional deletion of chromosome 15qll-13 which was
This type of analysis has been performed on a range of inherited from the father (155), whereas children with the
tumors and has disclosed a marked distortion in the very different Angelman syndrome may have the very
parental origin of the initially mutated chromosome (Table same deletion but inherited from the mother (156). In some
3). Various mechanisms have been proposed to account for Prader-Willi patients in whom the deletion is not evident

Table 3. Parental origin of mutated allele in tumors (individuals) in some inherited cancer predispositions.
Origin of related/mutant

Tumor/syndrome/ allele in tumora
allele (chromosome) No. of families/cases Paternal Maternal References
Retinoblastoma 22 20 2 Ejima et al. (141-143)
Rb (13ql.4) (constitutional) Dryja et al. (142)

Zhu et al. (143)

Osteosarcoma 13 12 1 Toguchida et al. (144)
Rb (13q14) (sporadic)

Neurofibromatosisa 14 12 2 Jadayel et al. (145)
NF1 (17q11.2) (constitutional)

Wilms' tumor 18 16 2 Schroeder et al. (146-148),
WT (llpl3) (sporadic) Mannens et al. (147), Huff et

al. (148)

Rhabdomyosarcoma 6 6 0 Serable et al. (149)
(constitutional)

aParental origin of mutation by pedigree linkage analysis and not tumor biopsy.
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there is no paternal contribution of relevant loci and the pa-
tients are disomic for maternally derived chromosome 15s.

Genetic (mutations) or epigenetic (imprinting) inactiva-
tion of a tumor-suppressor gene is functionally equivalent,
and it is obvious that imprinting may be an important
factor in carcinogenesis. Various hypotheses have been
proposed to account for the large excess of mutations
arising in suppressor genes in paternal germ cells in
inherited cancers and in somatic cells in sporadic cases,
and for the preferential loss of maternally inherited sup-
pressor loci. Many of these include proposals that imprint-
ing is associated with a high mutation rate (145), that
mutations may affect the genes that control imprinting
(149), and that imprinted chromosomes (or segments) may
be more subject to loss. Relevant to these suggestions are
two recent reports. The first is by Sakai et al (157) on the
methylation pattern at the 5' end of the retinoblastoma
gene, including its promoter region and the first exon, in
the DNA from 56 primary retinoblastomas. It transpired
that both copies of the Rbl gene in four of these tumors
from patients with unilateral retinoblastoma were hyper-
methylated, whereas the gene in their blood cells was not.
No mutation was observed, implying an epigenetic origin
for the loss of tumor suppressing activity. The second
study was by Henry et al. (158) on the etiology of the
Beckwith-Weidemann syndrome, which is a fetal over-
growth syndrome that arises sporadically, or as a result of
the inheritance of an autosomal dominant mutation linked
to lipl5.5, and is often associated with Wilms' tumor. A
substantial proportion ofBWS cases, ofboth inherited and
sporadic forms, have now been shown to be associated with
paternal disomy/maternal nullisomy of the lipi5 region
(158). Evidence from studies in mice shows that the
insulin-like growth factor-2 gene, which is located at the
lipl5.5 region in the human genome, is imprinted and is
not expressed on the maternally derived chromosomes
(159,160). These findings lend support to the implication
that there may be a tumor suppressor gene at this site in
the human genome which is not expressed in maternally
derived chromosomes. It is also relevant to note that the
short arm of chromosome 11 is a hot spot for hyper-
methylation in various human neoplasms (161), and there is
direct evidence of methylation of a CpG island associated
with the WT1 gene in some Wilms' tumors (162).

Concluding Comments
The emergence of metastatic cancer undoubtedly

depends upon mutational or epigenetic changes in a num-

ber of genes. The order in which these changes occur may
be less important than the number and types of changes
(163). The genes involved may act in a positive fashion as

oncogenes promoting proliferation or in a negative fashion
as suppressor genes whose function is to inhibit uncon-
trolled growth in some instances perhaps by promoting
cellular differentiation or apoptosis. There must therefore
be a wide variety of suppressor genes, and we are some
way from a clear understanding of the modes of action of
even the best known. Recent progress in this area has,
however, been quite dramatic.

Genetic and molecular studies on lower eukaryotes,
which have been extended to include mammalian cells
(164), have identified families of molecules, cyclins, that
undergo cell cycle associated fluctuations which reach
their maximal levels at the G2:M transition and are
destroyed during mitosis. Some members ofthe families of
cyclins (B type) interact with p34cdc2, a kinase which is
activated in cells entering mitosis and shows maximal
activity at metaphase. Others (G1 andA types), at least one
of which may act as an oncogene (165), may be involved in
the transition of cells into and through Gi, and in the
process of triggering cells to enter the S phase (166,167).
The emerging understanding of these positive controls of
cellular proliferation has thrown light on the negative role
played by the wild-type Rb protein. As already indicated,
the non-phosphorylated form of Rb blocks the entry of
cells into S, a blockage that is removed by phosphorylation.
Rb protein in these Gi cells has been found to be bound to
the transcription factor E2F. This Rb/E2F complex disap-
pears at the G1:S boundary following phosphorylation of
Rb and is replaced by an E2F/cyclin A complex. Negative
control of Rb would therefore appear to be exerted by
preventing interaction of the transcription factor with
cyclin promoters. Two groups have recently provided fur-
ther support for this role (168,169), by demonstrating that
mutant forms of the Rb protein are no longer able to bind
to E2F.
What of the roles of tumor-suppressor genes that act

dominantly in negating the effects of oncogenes or in
promoting cellular differentiation and apoptosis? Genes
such as the K-rev-1 ras-related gene have been shown to
have dominant suppressor activity against a specific set of
oncogenes (170), but no gene of this type has been associ-
ated with inherited cancer susceptibility. An increasing
number of differentiation pathways have been identified,
particularly in relation to the hematopoietic system, and a
number of important genes identified, but none has been
implicated in inherited cancer predispositions. A large

Table 4. Human genes that may have tumor-suppressor activity.
Gene Gene product and function
Rbl Nuclear phosphoprotein Modifier of transcription factor that regulates mitotic cycle genes
p53 Nuclear phosphoprotein Like Rbl, may regulate mitotic cycle genes
WT1 DNA binding zinc finger protein Transcription factor
DCC Sequence similar to outer cell surface glycoprotein Cell adhesion and cell-cell interaction
MCC G-protein activator? Signal transduction

Coiled-coil structural protein Cell structure
NF1 Cytoplasmic GAP-like protein Intracellular signal transduction
PTPG Transmembrane protein-tyrosine phosphatase y Dephosphorylation of tyrosine
K-rev 1 Inner cell surface associated G-protein Interferes in the interaction between ras and its effector
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number of genes are involved in normal growth and differ-
entiation but it does not follow that all of these will possess
the properties of tumor-suppressor genes. It may be rele-
vant to note the increasing interest in the genes that are
responsible for programming cell death or in blocking such
programs, e.g., the bc12 oncogene (171), and the recent
report that wild-type p53 induces apoptosis in myeloid
leukemic cells which is inhibited by the cytokine inter-
leukin-6, which itself promotes monocyte differentiation
(172).

Finally, it is evident that the term "tumor-suppressor
genes" is applicable to a wide variety of genes involved in
normal cellular functioning. The unifying characteristic
appears to be the necessity ofhaving one functioning wild-
type allele in order to prevent abnormal proliferation or
differentiation at particular stages of cell growth. It is this
feature that permits normal activity in a hemizygous state
and underlies the association of some of these genes with
certain inherited cancer predispositions. To date the genes
identified within this category are of diverse function
(Table 4). Some may act within a narrow range of cell types
and consequently be involved in the etiology of relatively
few tumor types, as with WT1. Others, of fundamental
importance to the growth and maintenance of a broad
range of cells, will be found to be implicated in many
tumors as with p53 and Rbl. Since many of these genes
appear to act as negative regulators of cellular prolifera-
tion, and their presence in a single copy is sufficient for the
normal control of proliferation, they may well offer an
important approach for the future therapeutic control of
abnormal growth.

This manuscript was presented at the Conference on Biomonitoring
and Susceptibility Markers in Human Cancer: Applications in Molecular
Epidemiology and Risk Assessment that was held in Kailua-Kona,
Hawaii, 26 October-i November 1991.

REFERENCES

1. Varmus, H. An historical overview of oncogenes. In: Oncogenes and
the Molecular Origins of Cancer (R. A. Weinberg, Ed.), CSH Press,
Cold Spring Harbor, New York, 1989, pp. 3-44.

2. Bishop, J. M. Molecular themes in oncogenesis. Cell 64: 235-248
(1991).

3. Harris, H. The analysis of malignancy in cell fusion: the position in
1988. Cancer Res. 48: 3302-3306 (1988).

4. Stanbridge, E. J. Genetic analysis of human malignancy using
somatic cell hybrids and monochromosome transfer. Cancer Surv. 7:
317-324 (1988).

5. Knudson, A. G. Mutation and cancer: statistical study of reti-
noblastoma. Proc. Natl. Acad. Sci. USA 68: 820-823 (1971).

6. Francke, U. Retinoblastoma and chromosome 13. Birth Defects 12:
131-137 (1978).

7. Balaban, G, Gilbert, F, Nichols, W., Meadows, A. T, and Shields, J.
Abnormalities of chromosome 13 in retinoblastomas from indi-
viduals with normal constitutional karyotypes. Cancer Genet.
Cytogenet. 6: 213-221 (1982).

8. Cavenee, W. K., Dryja, T. P., Philips, R. A., Benedict, W. F., Godbout,
R., Gallie, B. L., Murphree, A. L., Strong, L. C, and White, R. L.
Expression of recessive alleles by chromosomal mechanisms in
retinoblastoma. Nature 305: 779-784 (1983).

9. Friend, S. H, Bernards, R., Rogelj, S., Weinberg, R. A., Rapaport, J.
M., Alberts, D. M., and Dryja, T. P. A human DNA segment with
properties of the gene that predisposes to retinoblastoma and
osteosarcoma. Nature 323: 643-646 (1986).

10. Lee, W.-H., Shew, J.-Y., Hong, F. D., Sery, T. W., Donoso, L. A., Young,
L.-J., Bookstein, R., and Lee, E. Y.-H. R The retinoblastoma suscep-
tibility gene encodes a nuclear phosphoprotein associated with DNA
binding activity. Nature 329: 642-645 (1987).

11. Horowitz, J. M., Yandell, D. W., Park, S. H., Canning, S., Whyte, R,
Buchkovich, K., Harlow, E., Weinberg, R. A., and Dryja, T. P. Point
mutational inactivation of the retinoblastoma anti-oncogene. Science
243: 937-940 (1989).

12. Kaye, F. J., Kratzke, R. A., Gerster, J. L., and Horowitz, J. M.A single
amino acid substitution results in a retinoblastoma protein defective
in phosphorylation and oncoprotein binding. Proc. Natl. Acad. Sci.
USA 87: 6922-6926 (1990).

13. Bookstein, R., Rio, P., Madreperia, S. A., Hong, F., Alfred, C., Grizzle,
W. E., and Lee, W.-H. Promoter deletion and loss of retinoblastoma
gene expression in human prostate carcinoma. Proc. Natl. Acad. Sci.
USA 87: 7762-7766 (1990a).

14. Lee, E. Y H. P., To, H., Shew, J. Y., Bookstein, R., Scully, P., and Lee,
W. H. Inactivation of the retinoblastoma susceptibility gene in
human breast cancers. Science 241: 218-221 (1988).

15. Chen, P.-L., Scully, P., Shew, J.-Y., Wang, J. Y. J., and Lee, W.-H.
Phosphorylation of the retinoblastoma gene product is modulated
during the cell cycle and cellular differentiation. Cell 58: 1193-1198
(1989).

16. Buchkovich, K., Duffy, L. A., and Harlow, E. The retinoblastoma
protein is phosphorylated during specific phases of the cell cycle.
Cell 58: 1097-1105 (1989).

17. Furukawa, Y., DeCaprio, J. A., Freedman, A., Kanakura, Y.,
Nakamura, M., Ernst, T. J., Livingston, D. M., and Griffin, J. D.
Expression and state of phosphorylation of the retinoblastoma
susceptibility gene product in cycling and noncycling human hema-
topoietic cells. Proc. Natl. Acad. Sci. USA 87: 2770-2774 (1990).

18. Whyte, P., Buchkovich, J. J., Horowitz, J. M., Friend, S. H., Raybuck,
M., Weinberg, R. A., and Harlow, E. Association between an
oncogene and an anti-oncogene: the adenovirus ElA proteins bind
to the retinoblastoma gene product. Nature 334: 124-129 (1988).

19. Whyte, P., Williamson, N. M., and Harlow, E. Cellular targets for
transformation by the adenovirus E1A proteins. Cell 56: 67-75
(1989).

20. DeCaprio, J. A., Ludlow, J. W., Figge, J., Shew, J. Y., Huang, C.-M.,
Lee, W.-H., Marsilio, E., Paucha, E., and Livingston, D. M. SV40
Large tumor antigen forms a specific complex with the product of
the retinoblastoma susceptibility gene. Cell 54: 275-283 (1988).

21. Egan, D., Bayley, S. T., and Branton, R E. Binding of the Rbl protein
to E lA products is required for adenovirus transformation. Onco-
gene 4: 383-388 (1989).

22. Kaelin, W. G., Pallas, D. C., DeCaprio, J. A., Kaye, F. J., and
Livingston, D. M. Identification of cellular proteins that can interact
specifically with the T/E1A-binding region of the retinoblastoma
gene product. Cell 64: 521-532 (1991).

23. Bagehi, S., Weinmann, R., and Raychaudhuri, R The retinoblastoma
protein copurifies with E2F-1, an ElA-regulated inhibitor of the
transcription factor E2F. Cell 65: 1063-1072 (1991).

24. Chellappan, S. P., Hiebert, S., Mudryj, M, Horowitz, J. M., and
Nevins, J. R. The E2F transcription factor is a cellular target for the
RB protein. Cell 65: 1053-1061 (1991).

25. Chittenden, T., Livingston, D. M., and Kaelin, W. G. The T/E1A-
binding domain of the retinoblastoma product can interact selec-
tively with a sequence-specific DNA-binding protein. Cell 65: 1073-
1082 (1991).

26. Murdryj, M., Devoto, S. H., Hiebert, S. W., Hunter, T., Pines, J., and
Nevins, J. R. Cell cycle regulation of the E2F transcription factor
involves an interaction with cyclin A. Cell 65: 1243-1253 (1991).

27. Huang, H.-J. S., Yee, J.-K., Shew, J.-Y., Chen, P.-L., Bookstein, R.,
Friedmann, T, Lee, E. Y.-H., and Lee, W.-H. Suppression of the
neoplastic phenotype by replacement of the RB gene in human
cancer cells. Science 242: 1563-1566 (1988).

28. Bookstein, R., Shew, J., Chen, P., Scully, P., and Lee, W. Suppression
of tumorigenicity of human prostate carcinoma cells by replacing a
mutated RB gene. Science 247: 712-715 (1990b).

29. Takahashi, R., Hashimoto, T., Xu, H.-J, Hu, S.-X., Matsui, T., Miki,
T, Bigo-Marshall, H, Aaronson, S. A., and Benedict, W. F. The
retinoblastoma gene functions as a growth and tumor suppressor in
human bladder carcinoma cells. Proc. Natl. Acad. Sci. USA 88: 5257-
5261 (1991).



34 EVANS AND PROSSER

30. Wmdle, J. J., Albert, D. M., O'Brien, J. M., Marcus, D. M, Disteche,
C. M., Bernards, R., and Mellon, P. L. Retinoblastoma in transgenic
mice. Nature 343: 665-669 (1990).

31. Haber, D. A., and Housman, D. E. Rate-limiting steps: the genetics
of pediatric cancers. Cell 64: 5-8 (1991).

32. Kusnetsova, L, Prigogina, E. L., Pogosianz, H. E, and Belkina, B.
M. Similar chromosomal abnormalities in several retinoblastomas.
Hum. Genet. 61: 201-204 (1982).

33. Benedict, W. F., Murphree, A. L, Spina, C. A, Sparkes, M. C., and
Sparkes, R. S. Patient with 13 chromosome deletion: evidence that
the retinoblastoma gene is a recessive cancer gene. Science 219: 973-
975 (1983).

34. Knudson, A. G., and Strong, L. C. Mutation and cancer: a model for
Wilms' tumor of the kidney. J. Natl. Cancer Inst. 48:313-324 (1972).

35. Riccardi, V. M., Sujansky, E, Smith, A. C., and Francke, U. Chro-
mosomal imbalance in the aniridia-Wilms' tumor association: llp
interstitial deletion. Pediatrics 61: 604-610 (1978).

36. Fearon, E. R, Vogelstein, B., and Feinberg, A. P. Somatic deletion
and duplication ofgenes on chromosome 11 in Wilms' tumors. Nature
309: 176-178 (1984).

37. Koufos, A., Hansen, M. F., Lampkin, B. C., Workman, M. L., Cope-
land, N. G, Jenkins, N. A., and Cavenee, W. K. Loss of alleles at loci
on human chromosome 11 during genesis of Wilms' tumor. Nature
309: 170-172 (1984).

38. Orkin, S. H, Goldman, D. S., and Sallan, S. E. Development of
homozygosity for chromosome lip markers in Wilms' tumor. Nature
309: 172-174 (1984).

39. Call, K. M, Glaser, T., Ito, C. Y, Buckler, A. J., Pelletier, J., Haber, D.
A., Rose, E. A., Kral, A, Veger, H, Lewis, W. H., Jones, C., and
Housman, D. E. Isolation and characterization of a zinc finger
polypeptide gene at the human chromosome 11 Wilms' tumor locus.
Cell 60: 509-520 (1990).

40. Gesler, M., Poustka, A., Cavenee, W, Neve, R. L, Orkin, S. H., and
Bruns, G. A. P. Homozygous deletion in Wilms tumors of a zinc-
finger gene identified by chromosome jumping. Nature 343: 774-778
(1990).

41. Pritchard-Jones, K., Fleming, S, Davidson, D., Bickmore, W., Por-
teous, D, Gosden, C., Bard, J., Buckler, A., Pelletier, J., Housman, D.,
van Heyningen, V, and Hastie, N. The candidate Wilms' tumor gene
is involved in genitourinary development. Nature 346: 194-197
(1990).

42. Huff, V., Miwa, H, Haber, D. A, Call, K. M., Housman, D, Strong, L.
C, and Saunders, G. F. Evidence for WT1 as a Wilms tumor (WT)
gene: intragenic germinal deletion in bilateral WT. Am. J. Hum.
Genet. 48: 997-1003 (1991).

43. Little, M. H., Prosser, J., Condie, A., Smith, P. J., van Heyningen, V,
and Hastie, N. D. Structurally critical zinc finger point mutations
within the WT1 gene in Wilms' tumor patients. Proc. Natl. Acad. Sci.
USA, in press.

44. Rauscher, F. J, Morris, J. F., Tournay, 0. D, Cook, D. M., and Curran,
T. Binding of the Wilms' tumor locus zinc finger protein to the
EGR-1 consensus sequence. Science 250: 1259-1262 (1990).

45. Grundy, P, Koufos, A., Morgan, K, Li, F. P., Meadows, A. T, and
Cavenee, W. K. Familial predisposition to Wilms' tumor does not
map to the short arm ofchromosome 11. Nature 336: 374-376 (1988).

46. Huff, V., Compton, D. A., Chao, L.-Y., Strong, L. C., Geiser, C. F., and
Saunders, G. F. Lack of linkage of familial Wilms' tumor to chro-
mosomal band llpl3. Nature 336: 377-378 (1988).

47. Henry, S, Couillin, P., Barichard, F, Huerre-Jeanpierre, C., Glaset,
T., Philip, T., Lenoir, G, Chaussain, J. L, and Junien, C. Thmor-
specific loss of 11p15.5 alleles in delllpl3 Wilms tumor and in
familial adrenocortical carcinoma. Proc. Natl. Acad. Sci. USA 86:
3247-3251 (1989).

48. Haber, D. A., Buckler, A. J, Glaser, T., Call, K. M, Pelletier, J, Sohn,
R. L., Douglass, E. C., and Housman, D. E. An internal deletion
within an llpl3 zinc finger gene contributes to the development of
Wilms' tumor. Cell 61: 1257-1269 (1990).

49. Brown, K. W., Williams, J. C, Maitland, N. J., and Mott, M. G.
Genomic imprinting and the Beckwith-Wiedermann syndrome. Am.
J. Ham. Genet. 46: 1000-1001 (1990).

50. Huson, S. M., Compston, D. A. S, Clark, P, and Harper, P. S. A
genetic study ofvon Recklinghausen neurofibromatosis in south east
Wales. I. Prevalence, fitness, mutation rate, and effect of parental
transmission on severity. J. Med. Genet. 26: 704-711 (1989).

51. Clementi, M., Barbujani, G., Throlla, L., and Tenconi, R. Neu-
rofibromatosis-1: a maximum likelihood estimation ofmutation rate.
Hum. Genet. 84: 116-118 (1990).

52. Barker, D, Wright, E, Nguyen, K., Cannon, L, Fain, P, Goldgar, D,
Bishop, D, Carey, J, Baty, B, Kivlin, J., Wllard, H, Waye, J., Greig,
G., Leinwand, L, Nakamura, Y., O'Connell, P, Leppert, M., Lalouel,
J, White, R., and Skolnick, M. Gene for von Recklinghausen neu-
rofibromatosis is in the pericentric region ofchromosome 17. Science
236: 1100-1102 (1987).

53. Goldgar, D, Green, P, Parry, D, and Mulvihill, J. Multipoint linkage
analysis in neurofibromatosis type 1: an international collaboration.
Am. J. Hum. Genet. 44: 6-12 (1989).

54. Cawthon, R. M., Weiss, R, Xu, G., Viskochil, D., Culver, M., Stevens,
J., Robertson, M., Dunn, D., Gesteland, R, O'Connell, P, and White,
R. A major segment of the neurofibromatosis type 1 gene: cDNA
sequence, genomic structure, and point mutations. Cell 62: 193-201
(1990).

55. Viskochil, D, Buchberg, A. M, Xu, G, Cawthon, R. M, Stevens, J, Wolif
R. K, Culver, M, Carey, J. C, Copeland, N. G, Jenkins, N. A, White, R,
and O'Connell, P. Deletions and a translocation interrupt a cloned gene
at the neurofibromatosis type 1 locus. Cell 62: 187-192 (1990).

56. Wallace, M., Marchuk, D, Andersen, L., Letcher, R., Odeh, H.,
Saulino, A, Fountain, J., Brereton, A, Nicholson, J., Mitchell, A.,
Brownstein, B, and Collins, F. Iype 1 neurofibromatosis gene: iden-
tification of a large transcript disrupted in three NF1 patients.
Science 249: 181-186 (1990).

57. Ballester, R., Marchuk, D., Boguski, M., Saulino, A., Letcher, R.,
Wigler, M, and Collins, F. The NF1 locus encodes a protein func-
tionally related to mammalian GAP and yeast IRA proteins. Cell 63:
851-859 (1990).

58. Martin, G. A., Viskochil, D., Bollag, G, McCabe, P. C., Crosler, W. J.,
Haubruck, H, Conroy, L., Clark, R, O'Connell, P., Cawthon, R. M.,
Innis, M. A., and McCormick, F. The GAP-related domain of the
neurofibromatosis type 1 gene product interacts withh ras p21. Cell
63: 843-849 (1990).

59. Xu, G., Lin, B, Tanaka, K., Dunn, D., Wood, D., Gesteland, R, White,
R., Weiss, R., and Tamanoi, F. The catalytic domain of the neu-
rofibromatosis type 1 gene product stimulates ras GTPase and
complements ira mutants of S cerevisiae. Cell 63: 835-841 (1990b).

60. Xu, G., O'Connell, P., Viskochil, D, Cawthon, R., Robertson, M,
Culver, M., Dunn, D., Stevens, J., Gesteland, R, White, R., and Weiss,
R. The neurofibromatosis type 1 gene encodes a protein related to
GAP. Cell 62: 599-608 (1990a) .

61. Lynch, H. T., Kimberling, W. J., Albano, W. A., Lynch, J. F., Biscone,
K., Scheukle, G. S, Sandberg, A. A., Lipkin, M., Deschner, E. E.,
Mikol, Y. B., Elston, R. C., Bailey-Wilson, J. E., and Danes, B. S.
Hereditary nonpolyposis colorectal cancer (Lynch syndromes 1 and
2). 1 Clinical description of resource. Cancer 56: 934-938 (1985).

62. Cannon-Albright, L. A, Skolnick, M. H., Bishop, D. T., Lee, R. G, and
Burt, R. W. Common inheritance of susceptibility to colonic ade-
nomatous polyps and associated colorectal cancers. N. Engl. J. Med.
319: 533-537 (1988).

63. Bodmer, W. F, Bailey, C. J., Bodmer, J, Bussey, H. J. R, Ellis, A.,
Gorman, P., Lucibello, F. C, Murday, V. A, Rider, S. H., Scambler, P.,
Sheer, D., Solomon, E, and Spurr, N. K. Localization of the gene for
familial adenomatous polyposis on chromosome 5. Nature 328: 614-
616 (1987).

64. Leppert, M, Dobbs, M, Scambler, P., O'Connell, P., Nakamura, Y.,
Stauffer, D., Woodward, S., Burt, R., Hughes, J., Gardner, E.,
Lathrop, M., Wasmuth, J, Lalouel, J.-M, and White, R. The gene for
familial adenomatous polyposis maps to the long arm ofchromosome 5.
Science 238: 1411-1413 (1987).

65. Dunlop, M. G, Wyllie, A. H, Nakamura, Y, Steel, C. M., Evans, H. J,
White, R. L., and Bird, C. C. Genetic linkage map of six polymorphic
DNA markers around the gene for familial adenomatous polyposis
on chromosome 5. Am. J. Hum. Genet. 47: 982-987 (1990).

66. Dunlop, M. G., Wyllie, A. H, Steel, C. M, Piris, J., and Evans, H. J.
Linked DNA markers for presymptomatic diagnosis of familial
adenomatous polyposis. Lancet 337: 313-316 (1991).

67. Miyaki, M, Seki, M, Okamoto, M, Yamanaka, A, Maeda, Y., Tanaka,
K., Kikuchi, R., Iwama, T, Ikeuchi, T, Tonomura, A., Nakamura, Y.,
White, R., Miki, Y, Utsunomiya, J., and Koike, M. Genetic changes
and histopathological types in colorectal tumors from patients with
,familial adenomatous polyposis. Cancer Res. 50: 7166-7173 (1990).



TUMOR-SUPPRESSOR GENES IN INHERITED CANCERS 35

68. Hoshimo, Y., Horikawa, I., Ishimura, M., and Yuasa, Y. Normal
human chromosome-5, on which a familial adenomatous polyposis
gene is located, has tumor suppressive activity. Biochem. Biophys.
Res. Commun. 174: 298-304 (1991).

69. Tanaka, K., Oshimura, M, Kikuchi, R., Seki, M., Hayashi, T, and
Miyaki, M. Suppression oftumorigenicity in human colon carcinoma
cells by introduction of normal chromosome 5 or 18. Nature 349:
340-342 (1991).

70. Solomon, E, Voss, R, Hall, V, Bodmer, W. F., Jasse, J. R, Jeffreys, A.
J, Lucibello, F. C*, Patel, I., and Rider, S. H. Chromosome 5 allele loss
in human colorectal carcinomas. Nature 328: 616-619 (1987).

71. Vogelstein, B., Fearon, E. F, Hamilton, S. R., Kern, S. E, Preisinger,
A. C., Leppert, M., Nakamura, Y, White, R., Smits, A. M. M., and
Bos, J. L. Genetic alterations during colorectal-tumor development.
N. Engl. J. Med. 319: 525-532 (1988).

72. Ashton-Rickardt, P. G., Dunlop, M. G., Nakamura, Y, Morris, R. G.,
Purdie, C. A, Steel, C. M., Evans, H. J., Bird, C. C., and Wyllie, A. H.
High frequency ofAPC loss in sporadic colorectal carcinoma due to
breaks clustered in 5q21-22. Oncogene 4: 1169-1174 (1989).

73. Baker, S. J., Fearon, E. R., Nigro, J. M., Hamilton, S. R., Preisinger,
A. C, Jessup, J. M, van Tuinen, P., Ledbetter, D. H, Barker, D. F,
Nakamura, Y., White, R., and Vogelstein, B. Chromosome 17 dele-
tions and p53 gene mutations in colorectal carcinomas. Science 244:
217-221 (1989).

74. Kinzler, K. W., Nilbert, M. C, Vogelstein, B, Bryan, T. M, Levy, D.
B., Smith, K. J, Preisinger, A. C., Hamilton, S. R., Hedge, P,
Markham, A, Carlson, M, Joslyn, G., Groden, J, White, R., Miki, Y,
Miyoshi, Y., Nishisho, I., and Nakamura, Y. Identification of a gene
loated at chromosome 5q21 that is mutated in colorectal cancers.
Science 251: 1366-1370 (1991).

75. Fearon, E. R, Cho, K. R., Nigro, J. M, Kern, S. E, Simons, J. W.,
Ruppert, J. M., Hamilton, S. R., Preisinger, A. C, Thomas, G.,
Kinzler, K., and Vogelstein, B. Identification of a chromosome 18q
gene that is altered in colorectal cancers. Science 247: 49-56 (1990).

76. Sidransky, D., Von Eschenbach, A., Tsai, Y C., Jones, R, Sum-
merhayes, I, Marshall, F, Paul, M, Green, P., Hamilton, S. R, Frost,
P., and Vogelstein, B. Identification ofp53 gene mutations in bladder
cancers and urine samples. Science 252: 706-709 (1991).

77. Nigro, J. M., Baker, S. J., Preisinger, A. C, Jessup, J. M, Hostetter,
R., Cleary, K, Bigner, S. H, Davidson, N., Baylin, S., Devilee, P,
Glover, T, Collins, F. S., Weston, A, Modali, R., Harris, C. C., and
Vogelstein, B. Mutations in the p53 gene occur in diverse human
tumor types. Nature 342: 705-708 (1989).

78. Prosser, J., Thompson, A. M., Cranston, G, and Evans, H. J. Evi-
c ence that p53 behaves as a tumor suppressor gene in sporadic
breast tumors. Oncogene 5: 1573-1579 (1990).

79. Bartel-, J., Iggo, R., Gannon, J., and Lane, D. P. Genetic and
immunochemical analysis ofmutant p53 in human breast cancer cell
lines. Oncogene 5: 893-899 (1990).

80. Borresen, A.-L., Hovig, E, Smith-Sorensen, B., Malkin, D., Lystad,
S., Andersen, T. I, Nesland, J. M., Isselbacher, K. J, and Friend, S.
Constant denaturant gel electrophoresis as a rapid screening tech-
nique for p53 mutations. Proc. Natl. Acad. Sci. USA 88: 8405-8409
(1991).

81. Chen, L.-C., Neubauer, A, Kurisu, W, Waldman, F. M., Ljung, B.-M,
Goodson, W., Goldman, E. S, Moore, D., Balazs, M., Liu, E., Mayall,
B. H., and Smith, H. S. Loss of heterozygosity on the short arm of
chromosome 17 is associated with high proliferative capacity and
DNA aneuploidy in primary human breast cancer. Proc. Natl. Acad.
Sci. USA 88: 3847-3851 (1991).

82. Rodrigues, N. R., Rowan, A, Smith, M. E. F, Kerr, I. B, Bodmer, W.
F., Gannon, J. V., and Lane, D. P. p53 Mutations in colorectal cancer.
Proc. Natl. Acad. Sci. tJSA 87: 7555-7559 (1990).

83. Baker, S. J, Preisinger, A. C, Jessup, J. M., Paraskeva, C., Mark-
owitz, S, Wilson, J. K. V, Hamilton, S, and Vogelstein, B. p53 gene
mutations occur in combination with 17p allelic deletions as late
events in colorectal tumorigenesis. Cancer Res. 50: 7717-7722
(1990).

84. Hsu, I. C., Metcalf, R. A., Sun, T, Welsh, J. A, Wang, N. J., and
Harris, C. C. Mutational hotspot in the p53 gene in human
hepatocellular carcinomas. Nature 350: 427428 (1991).

85. Bressac, B., Kew, M, Wands, J., and Ozturk, M. Selective G to T
mutations of p53 gene in hepatocellular carcinoma from southern
Africa. Nature 350: 429-431 (1991).

86. Takahashi, T, Nau, M. M., Chiba, I., Birrer, M. J., Rosenberg, R. K.,
Vinocour, M., Levitt, M., Pass, H., Gazdar, A. F., and Minna, J. D. p53:
A frequent target for genetic abnormalities in lung cancer. Science
246: 491494 (1989).

87. Iggo, R., Gatter, K., Bartek, J., Lane, D., and Harris, A. L. Increased
expression ofmutant forms of p53 oncogene in primary lung cancer.
Lancet 335: 675-679 (1990).

88. Hollstein, M. C, Metcalf, R. A, Welsh, J. A., Montesano, R., and
Harris, C. C. Frequent mutation of the p53 gene in human
esophageal cancer. Proc. Natl. Acad. Sci. USA 87: 9958-9961 (1990).

89. Eccles, D. M, Brett, L., Lessells, A, Gruber, L, Lane, D., Steel, C.
M., and Leonard, R. C. F. Overexpression of the p53 protein and
allele loss at 17p13 in ovarian carcinoma. Br. J. Cancer 65: 40-44
(1992).

90. Rogel, A*, Popliker, M., Webb, C. G., and Oren, M. p53 cellular tumor
antigen: analysis ofmRNA levels in normal adult tissues, embryos,
and tumors. Mol. Cell Biol. 5: 2851-2855 (1985).

91. Lane, D. P, and Crawford, L. V. T antigen is bound to a host protein
in SV40-transformed cells. Nature 278: 261-263 (1979).

92. Sarnow, P., Ho, Y. S., Williams, J., and Levine, A. J. Adenovirus
Elb-58 kd tumor antigen and SV40 large tumor antigen are phys-
ically associated with the same 54 kd cellular protein in transformed
cells. Cell 28: 387-394 (1982).

93. Werness, B. A, Levine, A. J., and Howley, P. M. Association ofhuman
papillomavirus type 16 and 18 E6 proteins with p53. Science 248: 76-
79 (1990).

94. Bischoff, J. R., Friedman, R N., Marshak, D. R, Prives, C., and
Beach, D. Human p53 is phosphorylated by p60-cdc2 and cyclin
B-cdc2. Proc. Natl. Acad. Sci. USA 87: 4766-4770 (1990).

95. Matsushime, H., Roussel, M. F, Ashmun, R. A., and Sherr, C. J.
Colony-stimulating factor 1 regulates novel cyclins during the Gl
phase of the cell cycle. Cell 65: 701-713 (1991).

96. Strausfeld, U., Labbe, J. C., Fesquet, D, Cavadore, J. C., Picard, A.,
Sadhu, K., Russell, P., and Doree, M. Dephosphorylation and activa-
tion of a p34cdc2/cyclin B complex in vitro by human CDC25 protein.
Nature 351: 242-245 (1991).

97. Wilcock, D., and Lane, D. P. Localization of p53, retinoblastoma and
host replication proteins at sites of viral replication in herpes-
infected cells. Nature 349: 429-431 (1991).

98. Jenkins, J. R., Rudge, K, Chumakov, P, and Currie, G. A. The
cellular oncogene p53 can be activated by mutagenesis. Nature 317:
816-818 (1985).

99. Lane, D. P, and Benchimol, S. p53: oncogene or anti-oncogene?
Genes Dev. 4: 1-8 (1990).

100. Levine, A. J, Momand, J, and Finlay, C. A. The p53 tumor sup-
pressor gene. Nature 351: 453-456 (1991).

101. Eliyahu, D, Michalovitz, D., Eliyahu, S., Pinhasikimhi, 0., and Oren,
M. Wild-type p53 can inhibit oncogene-mediated locus formation.
Proc. Natl. Acad. Sci. USA 66: 8763-8767 (1989).

102. Chen, P.-L., Chen, Y., Bookstein, R., and Lee, W.-H. Genetic mecha-
nisms of tumor suppression by the human p53 gene. Science 250:
1576-1580 (1990).

103. Baker, S. J., Markowitz, S., Fearon, E. R., Wilson, J. K. V., and
Vogelstein, B. Suppression of human colorectal carcinoma cell
growth by wild-type p53. Science 249: 912-914 (1990).

104. Finlay, C. A, Hinds, R W., and Levine, A. J. The p53 proto-oncogene
can act as a suppressor oftransformation. Cell 57:1083-1093 (1989).

105. Halevy, 0., Michalovitz, D., and Oren, M. Different tumor-derived
p53 mutants exhibit distinct biological activities. Science 250: 113-
116 (1990).

106. Michalovitz, D., Halevy, O., and Oren, M. Conditional inhibition of
transformation and of cell proliferation by a temperature-sensitive
mutant of p53. Cell 62: 671-680 (1990).

107. Milner, J, and Medcalf, E. A. Cotranslation of activated mutant p53
with wild type drives the wild-type p53 protein into the mutant
conformation. Cell 65: 765-774 (1991).

108. Skolnick, M. H., Cannon-Albright, L. A, Goldgar, D. E., Ward, J. H,
Marshall, C. J., Schumann, G. B., Hogle, H., McWhorter, W P.,
Wright, E. C., Than, T. D, Bishop, T, Kushner, J. P, and Eyre, H. J.
Inheritance of proliferative breast disease in breast cancer kind-
reds. Science 250: 1715-1720 (1990).

109. Hall, J. M., Lee, M. K., Newman, B., Morrow, J. E., Anderson, L. A,
Huey, B., and King, M.-C. Linkage of early-onset familial breast
cancer to chromosome 17q21. Science 250: 1684-1689 (1990).



36 EVANS AND PROSSER

110. Mackay, J., Steel, C. M., Elder, P. A., Forrest, A. P. M., and Evans, H.
J. Allele loss on short arm of chromosome 17 in breast cancers.
Lancet ii: 1384-1385 (1988).

111. Thompson, A. M., Steel, C. M., Chetty, U., Hawkins, R. A., Miller, W.
R., Carter, D. C., Forrest, A. R M., and Evans, H. J. p53 Gene mRNA
expression and chromosome 17p allele loss in breast cancer Br. J.
Cancer 61: 74-78 (1990).

112. Devilee, P., van der Broek, M., Kuiper-Dijkshoorn, N., Kolluri, R.,
Khan, P. M., Pearson, P. L, and Cornelisse, C. J. At least four
different chromosomal regions are involved in loss of heterozygosity
in human breast carcinoma. Genomics 5: 554-560 (1989).

113. Varley, J. M., Brammar, W. J., Lane, D. P., Swallow, J. E, Dolan, C.,
and Walker, R. A. Loss of chromosome 17pi3 sequences and muta-
tion ofp53 in human breast carcinomas. Oncogene 6: 413-421 (1991).

114. Prosser, J., Elder, P. A., Condie, A., MacFadyen, I., Steel, C. M., and
Evans, H. J. Mutations in p53 do not account for heritable breast
cancer: a study in five affected families. Br. J. Cancer 63: 181-184
(1991).

115. Malkin, D., Li, F. P, Strong, L. C, Fraumeni, J. F., Nelson, C. E., Kim,
D. H., Kassel, J, Gryka, M. A, Bischoff, F. Z., Tainsky, M. A., and
Friend, S. H. Germ line p53 mutations in a familial syndrome of
breast cancer, sarcomas, and other neoplasms. Science 250: 1233-
1238 (1990).

116. Srivastava, S., Zou, Z., Pirollo, K., Blattner, W., and Chang, E. H.
Germ-line transmission of a mutated p53 gene in a cancer-prone
family with Li-Fraumeni syndrome. Nature 348: 747-749 (1990) .

117. Soussi, T., de Fromentel, C. C., Mechali, M., May, P., and Kresss, M.
Cloning and characterisation of a cDNA from Xenopus laevis coding
for a protein homologous to human and murine p53. Oncogene 1: 71-
78 (1987) .

118. Lavigueur, A, Maltby, V., Mock, D, Rossant, J., Pawson, T., and
Bernstein, A. High incidence of lung, bone, and lymphoid tumors in
transgenic mice overexpressing mutant alleles of the p53 oncogene.
Mol. Cell Biol. 9: 3982-3991 (1989).

119. Narod, S. A., Feunteun, J., Lynch, H. T., Watson, P., Conway, T.,
Lynch, J., and Lenoir, G. M. Familial breast-ovarian cancer locus on
chromosome 17ql2-q23. Lancet 338: 82-83 (1991).

120. Coles, C., Thompson, A. M., Elder, P. A., Cohen, B. B., MacKenzie, I.
M., Cranston, G., Chetty, U, MacKay, J., MacDonald, M., Nakamura,
Y., Hoyheim, B., and Steel, C. M. Evidence implicating at least two
genes on chromosome 17p in breast carcinogenesis. Lancet 336:
761-763 (1990).

121. Cropp, C. S., Lidereau, R., Campbell, G, Champene, M. H., and
Callahan, R. Loss of heterozygosity on chromosomes 17 and 18 in
breast carcinoma: two additional regions identified. Proc. Natl.
Acad. Sci. USA 87: 7737-7741 (1990).

122. Devilee, P., van Vliet, M., Bardoel, A., Kievits, T., Kuipers-
Dijkshoorn, N., Pearson, P. L., and Cornelisse, C. J. Frequent
somatic imbalance of marker alleles for chromosome 1 in human
primary breast carcinoma. Cancer Res. 51: 1020-1025 (1991a).

123. Devilee, P., van Vliet, M., Kuipers-DiJkshoorn, N., Pearson, P. L., and
Cornelisse, C. J. Somatic genetic changes on chromosome 18 in
breast carcinomas: is the DCC gene involved? Oncogene 6: 311-315
(1991b).

124. T'Ang, A., Varley, J. M, Chakraborty, S., Murphree, A. L., and Fung,
T. K. Structural rearrangement of the retinoblastoma gene in
human breast carcinoma. Science 242: 263-266 (1988).

125. Larsson, C., Skogseid, B., Oberg, K, Nakamura, Y., and Nordensk-
jold, M. Multiple endocrine neoplasia type 1 gene maps to chromo-
some 11 and is lost in insulinoma. Nature 332: 85-87 (1988).

126. Mathew, C. G. P., Chin, K. S., Easton, D. F., Thorpe, K., Carter, C.,
Liou, G. I., Fong, S.-L, Bridges, C. D. B., Haak, H., Kruseman, A. C.
N., Schifter, S., Hansen, H. H., Telenius, H., Telenius-Berg, M., and
Ponder, B. A. J. A linked genetic marker for multiple endocrine
neoplasia type 2A on chromosome 10. Nature 328: 527-528 (1987).

127. Landsvater, R. M., Mathew, C. G. P., Smith, B. A., Marcus, E. M., Te
Meerman, G. J., Lips, C. J. M., Geerdink, R. A., Nakamura, Y.,
Ponder, B. A. J., and Buys, C. H. C. Development of mltiple endocrine
neoplasia type 2A does not involve substantial deletions of chromo-
some 10. Genomics 4: 246-250 (1989).

128. Nelkin, B. D., Nakumura, Y., White, R. W., deBustros, A. C., Herman,
J., Wells, S. A., and Baylin, S. B. Low incidence of loss of chromosome
10 in sporadic and hereditary human medullary thyroid carcinoma.
Cancer Res. 49: 4114-4119 (1989).

129. Seizinger, B. R., Martuza, R. L., and Gusella, J. F. Loss of genes on
chromosome 22 in tumorigenesis of human acoustic neuroma.
Nature 322: 644-647 (1986).

130. Rouleau, G. A., Seizinger, B. R., Wertelecki, W., Haines, J. L.,
Superneau, D. W., Martuza, R. L., and Gusella, J. F. Flanking
markers bracket the neurofibromatosis type 2 (NF2) gene on chro-
mosome 22. Am. J. Hum. Genet. 46: 323-328 (1990).

131. Seizinger, B. R., Rouleau, G. A., Ozelius, L. J., Lane, A. H., Farmer, G.
E., Lamiell, J. M., Haines, J., Yuen, J. W. M., Collins, D., Majoor-
Mrakauer, D., Bonner, T., Mathew, C., Rubenstein, A., Halperin, J.,
McConkie-Rosell, A., Green, J. S., Trofatter, J. A., Ponder, B. A.,
Eierman, L., Bowmer, M. I., Schimke, R., Ostra, B., Aronin, N.,
Smith, D. I., Drabkin, H., Waziri, M. H., Hobbs, W. J., Martuza, R. L.,
Conneally, P. M., Hsia, Y. E., and Gusella, J. F. Von Hippel-Lindau
disease maps to the region of chromosome 3 associated with renal
cell carcinoma. Nature 332: 268-269 (1988).

132. Bergman, W., Watson, P., de Jong, J., Lynch, H. T., and Fusaro, R. M.
Systemic cancer and the FAMMM syndrome. Br. J. Cancer 61: 932-
936 (1990).

133. Cohen, A. J., Li, F. P., Berg, S., Marchetto, D. J., Tsai, S., Jacobs, S. C.,
and Brown, R. S. Hereditary renal-cell carcinoma associated with a
chromosomal translocation. N. Engl. J. Med. 301: 592-595 (1979).

134. Kovacs, G., Erlandsson, R., Boldog, F., Ingvarsson, S., Muller-
Brechlin, R., Klein, G., and Sumegi, J. Consistent chromosome 3p
deletion and loss of heterozygosity in renal cell carcinoma. Proc.
Natl. Acad. Sci. USA 85: 1571-1575 (1988).

135. Whang-Peng, J., Kao-Shan, C. S, and Lee, E. C. Specific chromo-
some defect associated with human small-cell lung cancer: deletion
3p(14-23). Science 215: 181-182 (1982).

136. Brauch, H., Johnson, B., Hovis, J., Yano, T., Gazdar, A., Pettengill, 0.
S., Graziano, S., Sorenson, G. D., Poiesz, B. J., Minna, J., Linehan, M.,
and Zbar, B. Molecular analysis of the short arm of chromosome 3 in
small-cell and non-small-cell carcinoma of the lung. N. Engl. J. Med.
317: 1109-1113 (1987).

137. LaForgia, S., Morse, B., Levy, J., Barnea, G., Cannizzaro, L. A., Li, F.,
Nowell, P. C., Boghosian-Sell, L., Glick, J., Weston, A., Harris, C. C.,
Drabkin, H., Patterson, D., Croce, C. M., Schlessinger, J., and
Huebner, K. Receptor protein-tyrosine phosphatase g is a candidate
tumor suppressor gene at human chromosome region 3p2l. Proc.
Natl. Acad. Sci. USA 88: 5036-5040 (1991).

138. Dumanski, H. P., Carlbom, E., Collins, V. P., and Nordenskjold, M.
Deletion mapping of a locus on human chromosome 22 involved in the
oncogenesis of meningioma. Proc. Natl. Acad. Sci. USA 84: 9275-
9279 (1987).

139. Weeda, G., van Ham, R. C. A., Vermeulen, W., Bootsma, D., van der
Eb, A. J., and Hoeimakers, J. H. J. A presumed DNA helicase
encoded by ERCC-3 is involved in the human repair disorders
xeroderma pigmentosum and Cockayne's syndrome. Cell 62: 777-
791 (1990).

140. Willis, A. E., and Lindahl, T. DNA ligase I deficiency in Bloom's
syndrome. Nature 325: 355-357 (1987).

141. Ejima, Y, Sasaki, M. S., Kaneko, A, and Tanooka, H. 7I1ypes, rates,
origin and expressivity of chromosome mutations involving 13q14 in
retinoblastoma patients. Hum. Genet. 79: 118-123 (1988).

142. Dryja, T. P., Mukai, S., Petersen, R., Rapaport, J. M., Walton, D., and
Yandell, D. W. Parental origin of mutations of the retinoblastoma
gene. Nature 339: 556-558 (1989).

143. Zhu, XX Dunn, J. M., Phillips, R. A., Goddard, A. D., Paton, K. E.,
Becker, A., and Gallie, B. L. Preferential germline mutation of the
paternal allele in retinoblastoma. Nature 340: 312-313 (1989).

144. Toguchida, J., Ishizaki, K., Sasaki, M. S., Nakamura, Y., Ikenga, M.,
Kato, M., Sugimoto, M., Kotoura, Y., and Yamamuro, T. Preferential
mutation of paternally derived RB gene as the initial event in
sporadic osteosarcoma. Nature 338: 156-158 (1989).

145. Jadayel, D., Fain, P., Upadhyaya, M., Ponder, M. A., Huson, S. M.,
Carey, J., Fryer, A., Mathew, C. G. P., Barker, D. F., and Ponder, B. A.
J. Paternal origin of new mutations in Von Recklinghausen neu-
rofibromatosis. Nature 343: 558-559 (1990).

146. Schroeder, W. T., Chao, L.-Y., Dao, D. D., Strong, L. C., Pathak, S.,
Riccardi, V., Lewis, W. H., and Saunders, G. F. Nonrandom loss of
maternal chromosome 11 alleles in Wilms tumors. Am. J. Hum.
Genet. 40: 413-420 (1987).

147. Mannens, M., Slater, R. M., Heyting, C., Bliek, J., de Kraker, J., Coad,
N,. de Pagter-Holthuizen, P., and Pearson, P. L. Molecular nature of



TUMOR-SUPPRESSOR GENES IN INHERITED CANCERS 37

genetic changes resulting in loss of heterozygosity of chromosome
11 in Wilms' tumors. Hum. Genet. 81: 41-48 (1988).

148. Huff, V., Meadows, A., Riccardi, V. M., Strong, L. C., and Saunders, G.
F. Parental origin of de novo constitutional deletions ofchromosomal
band llpl3. Am. J. Hum. Genet. 47: 155-160 (1990).

149. Scrable, H., Cavenee, W., Ghavimi, F., Lovell, M., Morgan, K., and
Sapienza, C. A model for embryonal rhabdomyosarcoma tumori-
genesis that involves genome imprinting. Proc. Natl. Acad. Sci. USA
86: 7480-7484 (1989).

150. Brown, S. W., and Nelson-Rees, W. A. Radiation analysis of a
lecanoid genetic system. Genetics 46: 983-1007 (1961).

151. Cattanach, B. M., and Kirk, M. Differential activity of maternally
and paternally derived chromosomal regions in mice. Nature 315:
496-498 (1985).

152. Surani, M. A. H., Barton, S. C., and Norris, M. L. Nuclear transplan-
tation in the mouse: heritable differences between parental genomes
after activation of the embryonic genome. Cell 45: 127-136 (1986).

153. Reik, W., Collick, A., Norris, M. L., Barton, S. C., and Surani, M. A.
Genomic imprinting determines methylation of parental alleles in
transgenic mice. Nature 328: 248-251 (1987).

154. Chaillet, J. R., Vogt, T. F., Beier, D. R., and Leder, P Parental-specific
methylation of an imprinted transgene is established during
gametogenesis and progressively changes during embryogenesis.
Cell 66: 77-83 (1991).

155. Nicholls, R. D., Knoll, J. H. M., Butler, M. G., Karam, S., and Lalande,
M. Genetic imprinting suggested by maternal heterodisomy in non-
deletion Prader-Willi syndrome. Nature 342: 281-285 (1989).

156. Knoll, J. H. M., Nicholls, R. D., Magenis, R. E., Graham, J. M.,
Lalande, M., and Latt, S. A. Angelman and Prader-Willi syndromes
share a common chromosome 15 deletion but differ in parental origin
of the deletion. Am. J. Med. Genet. 32: 285-290 (1989).

157. Sakai, T., Toguchida, J., Ohtani, N., Yandell, D. W., Rapaport, J. M.,
and Dryja, T. P. Allele-specific hypermethylation of the reti-
noblastoma tumor-suppressor gene. Am. J. Hum. Genet. 48:880-888
(1991).

158. Henry, I., Bonaiti-Pellie, C., Chehensse, V., Beldjord, C., Schwartz,
C., Utermann, G., and Junien, C. Uniparental paternal disomy in a
genetic cancer-predisposing syndrome. Nature 351: 665-667 (1991).

159. DeChiara, T. M., Robertson, E. J., and Efstratiadis, A. Parental

imprinting of the mouse insulin-like growth factor II gene. Cell 64:
849-859 (1991).

160. Ferguson-Smith, A. C, Cattanach, B. M, Barton, S. C, Beechey, C. V,
and Surani, M. A. Embryological and molecular investigations ofparen-
tal imprinting on mouse chromosome 7. Nature 351: 667-670 (1991).

161. de Bustros, A., Nelkin, B. D., Silverman, A., Ehrlich, G., Poiesz, B.,
and Baylin, S. B. The short arm ofchromosome 11 is a "hot spot" for
hypermethylation in human neoplasia. Proc. Natl. Acad. Sci. USA 85:
5693-5697 (1988).

162. Royer-Prokora, B., Ragg, S., Hecki-Ostreicher, B., Held, M., Loos, U.,
Call, K., Glaser, T., Housman, D., Saunders, G., Zabel, B., Williams, B.,
and Poustka, A. Direct pulsed field gel electrophoresis of Wilms'
tumors shows that DNA deletions in llpl3 are rare. Genes Chromo-
somes Cancer 3: 89-100 (1991).

163. Fearon, E. R., and Vogelstein, B. A genetic model for colorectal
tumorigenesis. Cell 61: 759-767 (1990).

164. Nurse, P. Universal control mechanism regulating onset of M-phase.
Nature 344: 503-508 (1990).

165. Motokura, T., Bloom, T., Kim, H. G., Juppner, H., Ruderman, J. V.,
Kronenberg, H. M., and Arnold, A. A novel cyclin encoded by a bc/l-
linked candidate oncogene. Nature 350: 512-515 (1991).

166. Hunt, T. Cell cycle gets more cyclins. Nature 350: 462-463 (1991).
167. North, G. Starting and stopping. Nature 351: 604-605 (1991).
168. Bandara, L. R., Adamczewski, J. P., Hunt, T., and La Thangue, N. B.

Cyclin A and the retinoblastoma gene product complex with a
common transcription factor. Nature 352: 249-251 (1991).

169. Defeo-Jones, D., Huang, P. S., Jones, R. E., Haskell, K. M., Vuocolo,
G. A., Hanobik, M. G, Huber, H. E., and Oliff, A. Cloning of cDNAs
for cellular proteins that bind to the retinoblastoma gene product.
Nature 352: 251-254 (1991).

170. Kitayama, H., Sugimoto, Y., Matsuzaki, T., Ikawa, Y., and Noda, M. A
ras-related gene with transformation suppressor activity. Cell 56:
77-84 (1989).

171. Hockenbery, D., Nunez, G., Milliman, C., Schreiber, R. D., and
Korsmeyer, S. J. Bcl-2 is an inner mitochondrial membrane protein
that blocks programmed cell death. Nature 348: 334-336 (1990).

172. Yonish-Rouach, E., Resnitzky, D., Lotem, J., Sachs, L., Kimchi, A.,
and Oren, M. Wild-type p53 induces apoptosis of myeloid leukaemic
cells that is inhibited by interleukin-6. Nature 352: 345-347 (1991).


